We describe a method for automatically and adaptively boosting the visibility of local features in an image. A log intensity image is first decomposed into a set of subbands at multiple scales and orientations. Operating successively from coarse frequency bands to fine, the coefficients of each subband are adjusted so as to move their locally averaged amplitudes toward a target value using a gamma operation. Target values are chosen to fall linearly over scale, consistent with a scale-invariant spectral model. To avoid enlarging the range of image intensity values, in those locations where the local mean is near the minimal or maximal values of the image and the local contrast is being boosted significantly, the local mean is moved toward the global mean. Finally, a spatial mask is applied in the pixel domain to ensure that the enhancements are applied only in the vicinity of image features. The resulting image appears to be both sharper and of higher contrast. 0-7803-9134
Introduction
Essentially all devices used for capture or reproduction of visual images are incapable of representing the full range of intensities found in the visual world. Engineered devices often handle this problem by compressing or truncating the intensity range. For example, the process of film exposure, development and printing reproduces light intensities according to a sigmoidal function that compresses the contrast of low and high intensity values. Other such "tone-mapping" solutions include clipping, linear re-mapping, gamma (exponential) corrections, and histogram equalization. During any such process, regions of the scene that are contrast-reduced (i.e., where the slope of the mapping function is low) can become difficult or impossible to see. Professional photographers have learned to compensate for these problems in the darkroom, by selectively "dodging" or "burning" local image regions where the loss of contrast would be detrimental to the desired appearance. The human visual system also uses sensors with limited response range. It does perform global adjustments to adjust the intensity range (for example, by adjusting the size of the iris). Perhaps more importantly, it uses spatially adaptive processing such as local gain control in order to "see" details in all locations within the image. Although these adaptive biological processes are not yet fully understood, it is clear that digital image processing offers the flexibility to implement such solutions and a variety of methods have begun to take advantage of such principles [e.g., [1] [2] [3] [4] [5] .
In this paper, we describe a methodology for adaptively adjusting contrast within a digital image, without introducing visible artifacts or expanding the overall image intensity range. The image is decomposed into multiple frequency bands, and the coefficients in each band are modified using a nonlinear "gamma" operation that moves their local average magnitude toward a target value. Target values for each band are chosen to fall with with a slope of −2/octave, consistent with a a 1/f 2 spectral model. The method can be applied to a conventional digital image, in order to enhance the visibility of features that might otherwise be lost when displayed. It is also relevant for processing of high-dynamic range (HDR) images, in order to render them more visibly on a low-dynamic range display.
Preprocessing
We start by preprocessing the image pixel values so that they represent log light intensities. This kind of processing roughly mimics the transformation achieved by the retina, and has been studied by a number of authors (see [6] for review). The test images used to demonstrate the method are shown in Fig. 1 .
A number of authors have advocated the use of multiscale representations for contrast adjustment [e.g., 2,3,7,8]. We decompose our images using the steerable pyramid, a multiscale subband representation whose basis functions are derivatives of a radial blurring function [9] . For this paper, we use the complex-valued version of this decomposition, as described in [10] , with two orientation bands (vertical and horizontal).
The enhancement method is implemented in a coarse-to-fine iterative fashion. For each step, we operate on a subband, as well as the lowpass residual that is obtained by reconstructing all subbands at lower frequencies. The coefficients of this lowpass residual band represent the local mean of the image, and the coefficients of the subband represent the variations around this mean. The enhancement procedure is a combination of three basic operations, which are described in the following sections.
I: Equalization of local contrast
Perhaps the simplest means of enhancing contrast is to linearly boost high frequencies (known as "unsharp masking" in the photographic literature). Within a multi-scale pyramid, this can be accomplished by multiplying the coefficients in each subband by a scalar whose value is larger for higher-frequency bands. Although appealing for its simplicity, this solution is not satisfactory because high contrast and low contrast features are boosted equally. In general, contrast varies widely across a typical image, and the primary goal of our method is to reduce this variation by boosting contrast in those regions where it is low or moderate, while leaving it unchanged in regions where it is high. We use a nonlinear operation to boost contrast selectively. For each subband, a local contrast measure is extracted, based on the average local magnitude of the subband coefficients:
where g is a blurring filter (Gaussian, with standard deviation of five samples), andb represents the complex subband coefficients. Note that perceptually, contrast is usually defined as ratio of signal variation to signal mean [4, 7, 11] . Here we use only the signal strength, because the initial log-domain representation has already implicitly taken the mean into account.
To reduce the variation in contrast across the image, each coefficient is boosted according to the strength of the local contrast signal:
b 
The parameter γ ∈ [0, 1) determines the strength of the effect (small gamma produces a large effect, and γ=1 produces no effect), and the parameter (set to a value of 0.01 in our experiments) prevents amplification of noise in low-signal areas. The contrast target, t c, represents the contrast level toward which c is moved, and is described below. This type of "gamma" adjustment is widely used in the intensity domain to compensate for the nonlinearities of devices such as cathode ray tubes. The particular version used here will push all contrasts toward the target contrast, producing a proportionately larger change in those values that are far from the target than in those that are near. Rewritten in the log domain, this adjustment corresponds to a weighted average of the original contrast and the target contrast, with the weight determined by γ. A related gamma adjustment was developed in [3] for rendering HDR images.
A simple choice of target contrast t c is the global maximum of the contrast of the subband. Alternatively, one can simultaneously choose tc across all bands of the pyramid, so as to achieve a particular spectral shape. Since the Fourier spectra of natural images have been shown by many authors to follow a power law (see [6] for review), with an exponent of roughly −2, we choose a set of target contrasts that fall at this rate with scale. Figure 2 shows the results of this enhancement procedure, applied to a test image containing step edges, as well as a 12-bit linearized digital camera image. Note the substantial increase in apparent contrast at edges and in detail regions, as well as the appearance of edge ("ringing" and "halo") artifacts.
II: Compensatory adjustment of local mean
In regions of very low or high intensity, the amplification of subband coefficients can lead to an expansion in the total pixel intensity range. Those extremal values then need to be clipped, thus partly eliminating the effect of the contrast enhancement. Clipping can be avoided by globally adjusting (tone-mapping) the pixel values, but tends to lower the global contrast.
Our solution for this problem is again adaptive. For those locations undergoing substantial boosting and having very low (or high) local mean, we adjust the lowpass signal, moving it toward the global mean:
where c (x, y) is the contrast of the modified coefficients (computed by applying Eq. (1) to b (x, y)), · indicates the positive part and · indicates the negative part, and h is is a blurring filter (Gaussian, with standard deviation of two samples). The result of this operation is shown in Fig. 3 . Note the increased contrast of details in the shadow region on the left side of the photographic image.
It is interesting to consider this adjustment in the case when c(x, y) is constant. Under these homogeneous contrast conditions, m(x, y) is constant, and the lowpass adjustment depends only on the values of the lowpass coefficients themselves. The resulting function is approximately a sigmoidal nonlinearity, as is commonly used to compress overall dynamic range in film photography.
III: Spatial masking of features
The two concepts described above generate a desirable increase in apparent local contrast in the image. We find, however, that an equal modification of energy on two coefficients with identical values in different parts of the image is not perceived as equal if the surrounding of these coefficient is different. This is a "masking" effect and it suggests that we should adapt the modification of a given coefficient according to its spatial surroundings. In addition, we also find that the method produces ringing or halo artifacts near strong edges, especially if they are adjacent to flat regions (see Figs. 2 and 3 ). This is due to the extent of the spatial filters used in the pyramid decomposition, and to the fact that each of the coefficients that contribute to the representation of these edges are being boosted differently. Recent work on display of high dynamic range images eliminates such artifacts using robust nonlinear filters to generate lowpass bands [8, 12] . Here, we prefer to develop a solution that operates on the linear pyramid representation.
Both the masking and halo problems can be overcome by spatially masking the enhancements so that they are applied primarily in the immediate vicinity of image features. Specifically, we compute a "feature mask" by taking the mean of the log contrast across all pyramid bands at each spatial location. where I (x, y) is the enhanced image that is derived from the reconstructed pyramid, and I(x, y) is the original image. The result of the full algorithm is shown on the two example in figure 4.
Conclusion
We have described a simple multiscale algorithm to enhance the visibility of local features in an image. The method is based on a gamma-like correction to the amplitudes of coefficients in a multiscale decomposition, similar to that proposed by several other authors [3, 4] . In addition, we adjust the local mean (lowpass residual) in those locations where it is extremal and the changes to the subband coefficients would lead to pixel values exceeding the original range. Finally, we apply the changes only in regions associated with significant local contrast. We've demonstrated the behavior of the method on two example images, and although it appears promising, a much more extensive set of tests on a wide variety of images is needed for proper validation.
We envision a number of improvements and extensions to this approach. The development of the algorithm in terms of three distinct operations is conceptually convenient, but it is difficult to guarantee that these operations will behave compatibly across all images. We believe it should be possible to combine the adjustments into a single unified operation. It would also be desirable to set the parameters (e.g., γ) automatically, based on the input image, in such a way that the algorithm becomes idempotent (i.e., an image that has already been enhanced is unaffected if the algorithm is applied again). Finally, we see contrast enhancement as a portion of a more general framework for automatic improvement of image quality, with a full solution potentially handling sharpening, denoising, and color balance. Fig. 1.   Fig. 4 . Enhancement results computed from the full algorithm, which includes a "gamma" adjustment to the contrast of each subband, a compensatory adjustment of the lowpass band, and a feature mask in the pixel domain.
